Abstract The aims of this study were to isolate and characterize putative fragrance-related cDNAs from the floral cDNA library of Vanda Mimi Palmer, an orchid hybrid that has won several international awards for its sweet fragrance. A total of 1,000,000 pfu were screened by Palmer cytochrome P450 protein (VMPCyP450). These two transcripts were selected for full-length cDNA isolation and expression analysis by real-time RT-PCR. The VMPCMEK transcript encodes a polypeptide of 400 amino acid residues, while the VMPCyP450 encodes 538 amino acid residues. Relative expression analysis of VMPCMEK and VMPCyP450 transcripts by real-time RT-PCR showed up-regulated expressions in floral tissues compared to vegetative tissues, and both were found to be developmentally regulated.
Introduction
Orchids are classified under Orchidaceae, one of the largest families of flowering plants with an estimated population of more than 25,000 species ) and more than 800 orchid genera worldwide (Hamdan 2008) . In Malaysia, there are more than 120 orchid genera and 2000 species that have been discovered (Hamdan 2008) . In the world of orchids, more than 400 orchids, either species or hybrid, have been reported to emit fragrance during the day or in the evening (Kaiser 1993; Frowine 2005) . Unfortunately, scientific studies on the orchids' fragrance are still not as well established as in other scented flower including petunia, rose and snapdragon (Dudareva et al. 2003; Verdonk et al. 2003; Boatright et al. 2004; Nagegowda et al. 2008; Farhi et al. 2010) .
The first floral scent study on orchids was initiated in the early 1980s, focusing only on the detection of volatile compounds emitted by orchid flowers using gas chromatography-mass spectrometry (GC-MS) method (Kaiser, 1993) . Identification of volatile compounds has been carried out on the scent of more than 180 orchid species and hybrids including Cattleya araguaiensis, Dendrobium carniferum, Oncidium curcutum, Vanda tessellata (Kaiser 1993) and Phalaenopsis bellina (Hsiao et al. 2006 ) by GC-MS. Based on the GC-MS results, monoterpenoids and sesquiterpenoids were found to be highly distributed among the orchid species. Identification of floral scent compounds in orchids has led to extensive biochemical and molecular studies on other scented plants such as Clarkia breweri, Petunia hybrida, Antirrhinum majus and Rosa hybrida (Dudareva et al. 2003; Kaminaga et al. 2006; Nagegowda et al. 2008; Farhi et al. 2010 ). However, the floral scent biosynthesis pathways of orchids are yet far from being understood (Hsiao et al. 2006) .
In Vanda Mimi Palmer, volatile analyses using GC-MS showed that the fragrance emission profile of this orchid was at the highest level in the early afternoon and dominated by terpenoid (ocimene and linalool), benzenoid (benzyl acetate and methylbenzoate), and phenylpropanoid (phenylethanol and phenylethyl acetate) compounds (Mohd-Hairul et al. 2010) . So far, only one fragrancerelated cDNAs has been isolated and characterized from Vanda Mimi Palmer, which is 1-deoxy-D-xylulose 5-phosphate reductoisomerase (VMPDXR) (Chan et al. 2009 ). Besides that, no fragrance-related cDNAs have been reported in other orchids except geranyl diphosphate synthase (PbGDPS) from Phalaenopsis bellina (Hsiao et al. 2006; Hsiao et al. 2008) . Thus, in this paper, we report the isolation of putative fragrance-related cDNAs from the floral cDNA library of Vanda Mimi Palmer using differential hybridization approach with two different probes. Among the identified fragrance-related transcripts, Vanda Mimi Palmer 4-(cytidine 5 0 -diphospho)-2-C-methyl-Derythritol kinase (VMPCMEK) and Vanda Mimi Palmer cytochrome P450 protein (VMPCyP450), were selected for full-length cDNA isolation and expression analysis by realtime RT-PCR.
Materials and methods

Plant materials
Orchid plants (Vanda Mimi Palmer and Vanda Tan Chay Yan) used for this study were purchased and maintained as described in Chan et al. (2009) .
Floral cDNA library construction
Total RNA was extracted as described by Chan et al. (2009) Chan et al. (2009) with the titer of 7.8 9 10 9 pfu/ml.
Biotin-labeled probe preparation
Total RNA was extracted as described in Chan et al. (2009) Screening of floral cDNA library and differential hybridization
The first 500,000 pfu from the floral cDNA library of Vanda Mimi Palmer was screened by hybridizing the plaques with fully open flower cDNA probe of Vanda Mimi Palmer. Putative positive clones, which gave intense signal, were cored out and used for secondary screening with the same probe. The cDNA insert of the clones were PCRamplified and transferred onto Hybond ? nylon membrane (Amersham, UK) by Southern blotting method (Sambrook et al. 1989) 
(GenBank accession no: HO224379.1) and putative cytochrome P450 protein (VMPCyP450) (Genbank accession no: GW687681.1) transcripts were identified among the sequences obtained. The 5 0 region of the VMPCMEK transcript was isolated using a combination of the SMART RACE cDNA Amplification kit (Clonetech, USA), the Advantage 2 polymerase mix (Clonetech, USA) with a gene-specific primer (Table 1) and Universal Primer Mix (UPM) (provided in the kit). The 5 0 and 3 0 regions of VMPCyP450 transcript were isolated in the same manner. The open reading frame (ORF) of both VMPCMEK and VMPCyP450 transcripts were isolated by PCR amplification, using the 5 0 -RACE-Ready cDNA template and gene-specific primers (see Table 1 ). The ORF of the transcripts were then cloned into yTA cloning system (Yeastern, Taiwan) and sequenced using universal M13 forward and reverse primers (Macrogen, Korea).
Sequence analysis of the VMPCMEK and VMPCyP450 transcripts
The ORF sequence of the VMPCMEK and VMPCyP450 transcripts were analyzed using BLASTX and BLASTP programs (NCBI GenBank) to search for homologous sequences with a cutoff value less than 1e -05 and score more than 50. Bioedit software was used for Clustal W multiple alignment of the deduced amino acid sequences of VMPCMEK and VMPCyP450 transcripts with homologous sequences from other plants. The theoretical pI and Mw values of the deduced proteins were computed using the Expasy tools. The Mega software version 4 was used to construct the phylogenetic trees for the deduced amino acid sequence of the transcripts with the homologous sequences from other plants (Tamura et al. 2007 ). The Localizome software was used for motifs search and signal peptide prediction (Lee et al. 2006 ).
Relative expression analysis of VMPCMEK and VMPCyP450 transcripts by real-time RT-PCR
The Quantitect Reverse Transcription kit (Qiagen, USA) was used for elimination of genomic DNA and the synthesis of the first strand cDNA from 1 lg of total RNA. Real-time RT-PCR reaction was performed in four replicates using IQ5 real-time PCR Detection System (Biorad, USA). Reactions were carried out in a total volume of 20 ll containing 19 Brilliant Ò SYBR Ò Green QPCR master mix (Stratagene, USA), 1 ll of 109 dilution of cDNA template and 150 nM of gene-specific primers (Table 2 ). The cycling parameter were 95°C for 10 min; 40 cycles of 95°C for 30 s, annealing for 30 s (see Table 2 ) and extension at 72°C for 30 s; 81 cycles for melting curve analysis; and 10 s for each 0.5°C (55-95°C). Relative quantification was determined using the DDCT method (Livak and Schmittgen 2001) and normalized with three housekeeping gene transcripts; actin (GenBank accession no: AF246716.1), alpha tubulin (GenBank accession no: GW687608.1) and cyclophilin (GenBank accession no: GU942927.1).
Results and discussion
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Reverse 5 After elimination of the clones representing Cymbidium mosaic virus coat protein transcripts, only a total number of 205 clones were selected for single-pass sequencing. Based on the BLASTX analyses, only eight sequences had hits/ similarities to known fragrance-related genes in the GenBank (Table 3) . Only two putative fragrance-related cDNAs of Vanda Mimi Palmer, 4-(cytidine 5 0 -diphospho)-2-C-methyl-D-erythritol kinase (VMPCMEK) and cytochrome p450 protein (VMPCyP450) transcripts were selected for full-length cDNA isolation and expression analysis. These transcripts were selected on the premise that they might be involved in the terpenoid pathway of Vanda Mimi Palmer since four terpenoid compounds were identified in the scent of Vanda Mimi Palmer previously (Mohd-Hairul et al. 2010 ).
Sequence analysis of the full-length cDNA of VMPCMEK and VMPCyP450
The full-length sequence of VMPCMEK transcript (GenBank accession no: GU942924.1) comprises 1,200 bp open reading frame (ORF) flanked by 102 bp of 5 0 untranslated region (UTR) and 95 bp of 3 0 UTR including a poly-A tail. The ORF encodes a polypeptide of 400 amino acid residues (Fig. 2) . The predicted molecular weight of this protein is 44.068 kD with an isoelectric point (pI) of 8.41. The BLASTX and BLASTP analyses (NCBI) showed that the deduced amino acid sequence of VMPCMEK is 66-73% similar to 4-(cytidine 5 0 -diphospho)-2-C-methyl-D-erythritol kinases from other plants such as Hevae brasiliensis (GenBank accession no: BAF98293.1), Solanum lycopersicum (GenBank accession no: AAF87717.1), Catharanthus roseus (GenBank accession no: ABI35992.1) and Ginkgo biloba (GenBank accession no: AAZ80384.1 and AAZ80385.1). Besides that, VMPCMEK also contained the conserved ATP-binding site for functional activity of 4-(cytidine 5 0 -diphospho)-2-C-methyl-D-erythritol kinase (CMEK) as found in the CMEK sequences from other plants (Kim et al. 2008) (Fig. 3) . The CMEKs have been reported to be involved in phosphorylation of 4-(cytidine 5 0 -diphospho)-2-C-methyl-D-erythritol (Kim et al. 2008 ), which might be involved in producing the main precursor for the biosynthesis of monoterpenes and sesquiterpenes (Ogura and Koyama 1998; Poulter and Rilling 1981; McGarvey and Croteau 1995) . The phylogenetic tree of VMPCMEK shows that VMPCMEK is clustered together with CMEK proteins from Solanum lycopersicum, 
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The partial sequence of the transcripts are homologous to the sequences in the GenBank NCBI database with the cutoff value less than 1e -05 and score more than 50 (Fig. 4) . In the phylogenetic tree, two well-studied CMEKs from Ginkgo biloba are outside the cluster. This might be due to the uniqueness of the Ginkgo biloba itself, which stands alone in the Ginkgophyta division in taxonomy without any closely related living relatives (Rothwell and Holt 1997) . The Localizome software predicted the presence of signal peptide in the deduced amino acid sequence of VMPCMEK. Thus, VMPCMEK might be localized in the plastid since the early step of terpenoid pathway, the methylerythritol phosphate (MEP) pathway, has been reported to occur in plastid (Lichtenthaler 1999; Rohmer 1999) .
Analysis of VMPCyP450 transcript (Genbank accession no: GU942926.1) showed a full-length cDNA of 1,785 bp, including 1,614 bp of ORF, 18 bp of 5 0 -UTR and 153 bp of 3 0 -UTR with a poly-A tail (Fig. 5) . The VMPCyP450 sequence encodes for 538 amino acid residues. The predicted molecular weight of VMPCyP450 is 62.136 kD with an isoelectric point (pI) of 7.99. BLASTX and BLASTP analysis (NCBI) showed that the deduced amino acid of VMPCyP450 was 39-67% similar to other plant cytochrome p450 proteins. Cytochrome p450 proteins have been reported to be involved in the modification of monoterpene compound into another compound, for example conversion of linalool to linalool oxide (Hsiao et al. 2006; Dudareva et al. 2004; Dudareva and Pichersky 2000) . Thus, VMPCyP450 was postulated to be involved in the fragrance biosynthesis pathway of Vanda Mimi Palmer since linalool oxide was detected as one of the volatiles of Vanda Mimi Palmer (Mohd-Hairul et al. 2010) . Besides, cytochrome p450 has been reported to be involved in other fragrance biosynthesis pathways including benzenoid/phenylpropanoid and lipoxygenase pathways (Ehlting et al. 2006) . Phylogenetic analysis of VMPCyP450 with closely related proteins from other plants showed that VMPCyP450 is clustered together with cytochrome p450 monooxygenase of Petunia hybrida (a well-studied scented flower) (Fig. 6 ) with a bootstrap value of 99 for the branch. Interestingly, no signal peptide was found in the deduced amino acid sequence of VMPCyP450 using the Localizome software. In contrast, most of the other plant cytochrome P450 proteins were predicted by the Localizome software to have a signal peptide except cytochrome P450 protein of Arabidopsis thaliana, cytochrome P450 protein of Populus trichocarpa and cytochrome P450 monooxygenase of Petunia hybrida. In addition, VMPCyP450 and all the closely related proteins were predicted to have a transmembrane domain by the Localizome software. Thus, VMPCyP450 is possibly located in the plastid membrane like cytochrome C, which is involved in photosynthesis. So, VMPCyP450 might be involved indirectly in the terpenoid pathway of Vanda Mimi Palmer since monoterpene biosynthesis in plants mostly occurs in plastids (Lichtenthaler 1999; Rohmer 1999 ).
Expression of VMPCMEK and VMPCyP450 transcripts are dominant in floral tissues of Vanda Mimi Palmer
Relative expression studies of VMPCMEK and VMPCyP450 transcripts in different tissues (Fig. 7) of Vanda Mimi Palmer showed up-regulated expression in floral tissues in contrast to vegetative tissues. Among the floral tissues, petal and sepal showed the highest expression of VMPCMEK transcript, which is nearly twice higher than the bud (calibrator). This result contradicts those reported in most well-studied scented flowers such as Rosa hybrida (Shalit et al. 2003) and Petunia hybrida (Verdonk et al. 2003) , where petals have the highest expression compared to other floral tissues including the sepal. This might be due to the sepals of Vanda Mimi Palmer itself, which have similar structure and function like the petals of this orchid. In addition, many trichomes as a potential storage and scent release sites have been identified during histological analysis on this orchid (unpublished data). The expression of VMPCMEK transcript was lower in the lip than the bud. On the contrary, the VMPCyP450 transcript was up-regulated in the lip compared to other floral tissues (more than twofolds higher expression compared to petal and sepal). This result suggests that VMPCyP450 might be involved in other metabolism in the lip besides fragrance biosynthesis since a very small number of trichomes were identified in the lip of Vanda Mimi Palmer compared to the petal and sepal (unpublished data). As reported by Seidenfaden and Wood (1992) , orchid's lip is a modified petal and has a complicated structure. In Vanda Mimi Palmer, the lip is the brightest floral part and it might play an important role in attracting pollinators instead of emitting fragrance. Cloning of a putative cytochrome P450 gene into Phalaenopsis flowers (orchidecae genera) has shown a possibility to increase the levels of anthocyanins compared to wild type (Su and Shu 2003) . Thus, in Vanda Mimi Palmer, VMPCyP450 might also be involved in the bright color formation, especially in the lip.
The expression of VMPCMEK and VMPCyP450 transcripts are developmentally regulated
The expression of VMPCMEK and VMPCyP450 transcripts were shown to increase gradually from young bud to half-open flower (the highest level) (Fig. 8) . This might be due to the involvement of the terpenoid pathway in other metabolism during the early flower developmental stages, such as the synthesis of compounds for pigmentation, including chlorophyll and carotenoids, which might be The quantity of gene expression in each tissue was expressed relative to the calibrator, which was the bud collected at 12:00 noon Joyard et al. 2009 ). The terpenoid pathway was also reported to be involved in triterpene compound biosynthesis, as triterpene compounds are very important for sterol biosynthesis in plants (Bremly 1997; Flores-Sánchez et al. 2002; Schaller 2004; Suzuki and Muranaka 2007) . The expression profiles of both VMPCMEK and VMPCyP450 transcripts were detected at higher levels in fully open flower compared to bud stages (young and mature buds) possibly due to pollination . The expression profiles of both VMPCMEK and VMPCyP450 transcripts were found to decrease drastically in 14-day-old flower. This declining pattern could possibly be due to the senescence process after pollination. Analysis of VMPCMEK and VMPCyP450 transcripts expression at different flower developmental stages shows a developmentally regulated pattern in accordance with volatile emission pattern where the emission of terpenoid compounds was also detected to be developmentally regulated (Mohd-Hairul et al. 2010 ). The expression profiles of both VMPCMEK and VMPCyP450 followed the same developmentally regulated pattern as fragrance-related genes from other well-studied scented flowers such as linalool synthase from Anthirrhinum majus (Nagegowda et al. 2008 ) and geranyl diphosphate synthase from Phalaenopsis bellina .
